Abstract Stress and strain distributions and crack opening displacement characteristics o f short cracks have been studied in single edge notch bend and centre cracked panel specimens using elastic-plastic finite element analyses incorporating both a non strain hardening and a power law hardening behaviour. J contour integral solutions to describe stress strain conditions at crack tips for short cracks differ from those for long cracks. The analyses show that (i) short cracks can propagate at stress levels lower than those required for long cracks and (ii) ii two-parameter description of crack tip fields is necessary for crack propngation.
INTRODUCTION
CRACK BIRTH in components usually begins at a very small surface defect or the root of a notch or second phase particle. When such a crack is born, it will be a very short crack [ 1).
Much work has been published concerning large scale plastic deformation of long cracks. McClintock [2] and Rice and Johnson that finite strain effects are important over a distance of about 2 or 3 times the crack opening displacement. Shih [6] calculated the crack opening displacement and found a relationship between COD and the J-integral. But all of these studies were concerned with long cracks. Now short cracks in fatigue exhibited a different crack growth behaviour than long cracks [7] . Hammouda and Miller [S] have pointed out that short cracks will grow even below the threshold stress intensity factor range AK,,,,. This type of behaviour requires to be quantified in mechanical terms and hence the present work outlines in detail the stress and strain fields for short cracks.
Short cracks differ from long cracks either because (i) the net section stresses are so high that they exceed 0.40,, and the crack tip plastic zones are so large that LEFM parameters do not characterize the elastic-plastic stress field ahead of the crack with sufficient accuracy; or (ii) the crack itself is so small, say less than 0.25 mm [9] that LEFM parameters cannot quantify the fracture process zone at the crack tip. This typically occurs when a crack is embedded in a single crystal on the surface of a body. This paper examines short cracks for case (i) above and compares solutions with those obtained on long cracks. Using a finite element method based on finite strain formulation of plastic flow theory, one can obtain the complete stress and strain fields. Fracture criteria, based on a combination of critical stress or strain, are then discussed for crack initiation. In addition, fatigue crack growth for short cracks is discussed in relation to the plastic zone and the plastic strain field.
ANALYSES
The variational equations presented in [lo] and [ 1 11 are, 6 U = Jv f ( l ) . v dV + ls, p"' . 9 ds, and
i where v = the virtual velocity fields, f ( l ) = the convected derivative of the body force vector, p'') = the convected derivative of the surface force vector, N i = the non-dimensional Cauchy stress deviator, S i j = the Cauchy stress deviator,
A'(6,) = dA(c,)/dc, where A@,) is the scalar function which characterizes the plastic stress-strain relation. 1; at Se = A(<,) and Nijdij > 0 0; at all other conditions. a = { Equation (1) is equivalent to the equilibrium equations of stress rate fields for large deformation theory employing up-dated Lagrangian co-ordinates. The finite element analyses are based on equation (1) . Eight-noded isoparametric elements with 3 by 3 Gauss points are employed in the calculations for centre cracked panels (CCP) and single edge notched bend (SENB) type specimens. The material behaviour is modelled by a power-law relationship of the form,
where (T, is the equivalent stress, cry, is the yield stress, EP is the equivalent plastic strain and Ep,, is the equivalent plastic strain at first yield. The calculation uses an incremental tangent modulus procedure and contains approximately 20&300 load increments.
The, f i r i r t c , dernrnt mesh
The finite element mesh employed is shown in Fig. 1 in its undeformed configuration. In zone C the 8 elements connected to the crack tip are degenerated to triangular elements. The smallest length of the elements at the crack tip range between 0.0005 -0.001 mm which is only 5-10"/, of the short crack length of 0.01 mm. The a/W ratio is 0.005.
The total mesh contains 398 nodes and 115 plane strain isoparametric elements. For the three Doint bend specimen only one half of the specimen is used because of symmetry. 
Results
Calculations were carried out for plane strain conditions and both a non-hardening and a power-law hardening material. Material properties were v = 0.3 and o,,/E = 1/300. For the power-law hardening material the hardening coefficient n was made equal to 0.2. All results are expressed in the Lagrangian co-ordinates (X, Y), of the undeformed configuration.
Cruck profile crud hlunrrd-tip ~hcrpr~
As the load increases, the sharp crack will first become a very narrow slit and then progressively blunted. Crack profiles for a hardening material are shown in Fig. 2 for (a) SENB and (b) CCP specimens respectively.
Generally speaking, the crack profile contains an inclined but straight face for the three point bend specimen at low stresses that is similar to long cracks. One can visualize this inclined face to be obtained by rotating the crack faces around a centre some distance ahead of the crack. At higher stresses, equivalent to short cracks, this straight face is reduced in length. For the centre cracked panel, the crack face profiles are more akin to ellipses.
In this study the crack tip opening displacement, a, , is taken at the intercepts of the two 45' lines drawn back from the tip of the deformed profile, see 
McMeeking shows that for aYJE = 11300 and n = 0.2, the value of u is 0.27 whilst for the present work u = 0.264.
Plastic zones
As the load increases, the plastic zone develops around the crack tip; see Figs 4 and 5. When the equivalent stress intensity factor is 4.12 MN m-3i2 the plastic zone size is about 1.5 times the crack length for the SENB specimen. When the value of K I P is equal to 7.22 MN mP3l2 the plastic zone size is projected back to the free boundary AB.
For the CCP specimen, the plastic zone develops more rapidly as compared to the SENB specimen. When the value of K,, is equal to 3.69 MNm-3'2, the plastic zone size is about 2 times the crack length. The plastic zone will surround the whole crack in a CCP specimen at K I , = 4.34 M N m-3'2 as shown in Fig. 5 . When plasticity is so extensive it will not be possible for the J integral to characterize the behaviour of short cracks. 
Stress und plastic strain distribution at the crack tip
In Fig. 6(a) , the true stress.cr, is plotted against the distance from the crack tip for a hardening material. The Mtance is normalized by the J-integral. The dashed lines are the small scale yielding tesults for the long crack obtained by McMeeking [4] . The solid lines are derived from the present work. It is clear that when r/b < 1, our results are higher than those of McMeeking. This is because McMeeking did not analyse a sharp crack but stil&ed a narrow slit, therefore the hydrostatic stress could not be maintained at the notch-like surface. However when r/b > 1, the value of 0, for a short crack is lower than those given by McMeeking.
The equivalent plastic strain EP is shown in Fig 6(b) . The results for the short crack are higher than for the long crack, when r/b > 1. This cannot be attributed to different boundary conditions between the narrow slit employed by McMeeking and a sharp crack tip. In fact, using a narrow slit instead of a sharp crack will cause a decrease in hydrostatic stress and hence increase the plastic strain EP. The main reason why the plastic strain is higher for a short crack, is because the plastic zone size itself is large. As previously mentioned, when the K,, = 7.22 M N m-3'2, the plastic zone size is projected back to the free boundary AB and is about 9 times the crack length and so crack tip plastic flow is enchanced. According to the J integral theory, plots of the stress distributions near the crack tip versus X / ( J / a , ) should be independent of geometrical configuration and load level. This is nearly true for the SENB specimen and a long crack, but this is not the case for a short crack. The relation between stress ratio crH/crys and nondimensional distance X(J/cr,,) is shown in Fig. 7 for various loading levels. It is seen that the stress distributions are dependent on geometrical configuration and loading level. As the value of J increased, the deviation from the small scale yielding results for the long crack became more distinct.
In Fig. 8 the true stress of, is plotted against K , , (equivalent to the J-integral) for 0 = 0. It is clear, that the stress o(, for the bend specimen is higher than the centre cracked panel. This is because the bend specimen has a higher triaxial stress. When K , , is low the stress distribution is not geometry dependent but at higher values of K,, this is not the case.
The relations between stresses and strains for a hardening material are shown in Fig. 9 . The curves are very similar to uniaxial tension curves. As the plastic strain EP increases, the stress will increase and at some point will reach a maximum value before gradually decreasing with intense plastic strain. In this figure, stresses are also shown as a function of normal strain E~,.
In Fig. 10 , the stresses oZ, ( T~ are plotted against EP for a hardening material. According to perfect plasticity theory, the hydrostatic stress oo is equal to oz for the plane strain problem. Because perfect plasticity theory ignores elastic deformation, for the general case of an elastic-plastic material differences are observed. However the present work shows that, not only for a non-hardening material but also a hardening material, the triaxial stress oo is nearly identical to oz at large plastic strains. The normal stress (T,, and shear stress T~~, in the direction of H = 56 is plotted against the plastic strain tP in Fig. 11 . The maximum shear stress is an important parameter for fatigue crack initiation and growth and it should also be noted that in the final stages of ductile fracture, rupture usually occurs in a direction of maximum shear stress. For the short crack the maximum shear stress ( T~~~) , , , , , in the present study occurs when H = 56'. However in Fig. 12(a) where the normal stresses (T(,, crz and or at d = 45" are plotted vs the plastic strain EP it is remarkable that all normal stresses are nearly identical at large plastic strains which indicates that this plane also is the plane of maximum shear stress. It follows that on planes not inclined at 45" (see Fig. 12(b) where H = 56') to the crack tip, the maximum shear planes are not coincident. For example the maximum value of shear stress is at 8 = 56"; but the radial plane is not the plane of maximum shear. Hence the plane, 0 = 45", may be more important in fatigue crack growth than the plane 0 = 56". Figure 13 shows the true stress at the crack tip as load increases for both a long and a short crack. This indicates that the J contour integral can not uniquely define the stress at the tip of short cracks. In this figure the a/W ratio is 0.5 and 0.005 for the long and short crack respectively. 
FRACTURE CRITERIA

Siyyle pcirmtefrr crituriu
From a micromechanics viewpoint, fracture criteria should be solidly based on realistic physical models which simulate the relevant fracture mechanisms. However, the development of quantitative fracture analyses based on micromechanisms is difficult. The study of fracture mechanics therefore aims to describe the stresses and strains in the vicinity of a crack tip and also to provide fracture criteria accounting for different fracture mechanisms if at all possible.
For a long time, a single parameter such as J or 6 has been most attractive. However, after intensive investigation, no single parameter is universally applicable. The J-integral The functions, f i j , ylj and h should be independent of geometrical configuration and loading condition but because the plastic strain E, is always increasing with i. increasing it follows that: (8) The function H is dependent on ro and one can choose any value of r0 in the dominant
Here E*, is the plastic strain EP at r = ro and 0 = 0. Substituting equation (8) into
region. For a given ro, the function H should be uniquely defined.
equations ( 5 ) and (6) one obtains: cTij = Fij ( r , 0; . *, ) , E . . = G i j (r, 0; C*, ).
1.l
The functions of Fij and Gij are, therefore, independent of specimen geometry and loading manner. From the above expressions one can conclude that the plastic strain EYp is also a single parameter which can characterize the crack tip fields. However, acording to the present work this is not true for large scale yielding. So there is no single parameter which can dominate the crack tip stress-strain fields. Here o ' , is the equivalent stress and oo is the triaxial stress. They carried out a series of experiments to determine the relation between E,r and oo/oc,. Generally speaking, ductile fracture involves three distinct processes : void nucleation, void growth and finally coalescence between voids. All of these processes are governed by plastic deformation. As pointed out by McClintock [2] the triaxial stress has very important effects on void growth. Furthermore, Thomason's [ 151 theory reveals that triaxial stress plays an important role in the microscopic necking between voids. So it is reasonable to choose plastic strain Cp and either ratio co/oys or g O / o e as the two parameters to represent fracture behaviour. The present work shows some features of these two parameters. From Fig. 10 once can conclude that the stress deviator S, is approximately equal to zero at 8 = 0 because the normal stress oz is nearly identical with the triaxial stress oo. O n the crack line:
Since the equivalent stress CT', can be directly determined from the equivalent plastic strain EP it is clear that the stress state at 0 = 0" can be described by the two parameters EP and go. It can be seen from Fig. 12 that the stresses of,, oz, oo are nearly identical at 0 = 45 for large plastic strains EP. Hence, the stress state at 0 = 45' can also be described by the two parameters oo and EP.
If crack initiation is due to coalescence between a main crack and voids along the line 0 = 0. then one can choose go, Ep at which 0 = 0 as the two governing parameters. However, if crack initiation is due to decohesion or void coalescence along the plane 0 = 45 , then one can choose oo and EP at 0 = 45' as the two governing parameters.
CONCLUSIONS
1.
The plastic zone develops rapidly at short cracks and local plastic flow is much easier than in the case of long cracks. 2. The equivalent plastic strain for a short crack is greater than the equivalent plastic strain of a long crack at the same value of the equivalent stress intensity factor. This is why a short fatigue crack will grow below the threshold stress intensity factor determined from experiments on long cracks. 3. A single parameter is not sufficient to characterize crack tip stress-strain fields. 4. The plane radiating at 8 = 45' from the crack tip is the plane of maximum shear stress but ( T~~, ) , , ,~~ occurs when €' = 56".
